T he assessment of neuromuscular performance 1 and potential injury risks before sports participation, followed by intervention, may both increase team performance and decrease the relative injury incidence in athletes. [2] [3] [4] Preparticipation physical examination (PPE) of athletes may be employed in an attempt to identify those athletes with marked neuromuscular imbalances or those predisposed to noncontact anterior cruciate ligament (ACL) injury. These athletes could potentially benefit from neuromuscular training designed to enhance strength, proprioception, and neuromuscular stabilization of the knee joint. Another important goal of these examinations is to assess physical maturation. 5, 6 Laboratory restricted 3-dimensional motion analysis and dynamometers for kinematic and kinetic analysis used by biomedical researchers are not readily accessible to sports medicine physicians, athletic trainers, and coaches. Simple methods using portable force plates to determine which athletes are at increased risk of injury are now readily available to coaches, athletic trainers, and athletes. These methods may allow for large scale PPE screening and identification of those athletes who need preparticipation neuromuscular training. The knowledge gained from these methodologies could have a major impact on how athletes prepare for sports participation.
Best 6 suggests that PPE should be geared toward conditions that are treatable. McKeag 7 reported that 10% to 12% of adolescent athletes demonstrate deficits during preparticipation testing which may preclude them from participation. However, intervention occurs in a low percentage of screened athletes. These deficits include side-to-side strength imbalances, flexibility imbalances, and inadequate conditioning or skill level. 7 Smith and Laskowski 8 reported that 4% of athletes show musculoskeletal deficits which either preclude them from To participate in high-risk jumping and cutting sports, athletes may need to demonstrate proficiency in advanced motor skill tests upon evaluation. Without testing and deficit correction, the incidence of ACL injury in female athletes may maintain its pattern of geometric growth. 9 Rumball and Lebrun 10 advocate the development of PPEs specifically tailored to female athletes. With the ever-increasing popularity of sports like soccer, volleyball, basketball, and softball, and the rapidly growing number of female participants each year, even higher numbers of injuries may be avoided with PPEs that give useful, predictive information targeted toward conditions (eg, ACL injury) that respond to interventions.
Biomechanical risk factors may predict injury risk in athletes. 11 Vertical ground reaction force in a drop box vertical jump was 20% higher in the subsequently ACL injured versus noninjured athletes. 11 Knee abduction torque was also higher in athletes who subsequently sustained an ACL injury than those that did not. 11 Knee abduction moment was correlated to ground reaction force.
11 Therefore, the use of peak ground reaction forces may be a valuable tool to assess potential injury risk.
Neuromuscular performance increases rapidly in males throughout pubertal development. 12, 13 A similar neuromuscular performance increase or neuromuscular spurt is not typically found in many females during the same stages of puberty.
12,13 Neuromuscular performance differences, or differences in the presence or absence of the neuromuscular spurt, between the sexes may play a role in the increased risk of ACL injury in female athletes. For example, injury prevention programs which improved neuromuscular measures in female athletes have been successful in reducing ACL injuries in young females. [14] [15] [16] [17] [18] The identification of high-force landings, bilateral imbalances in landing force, and other neuromuscular control deficits may select out specific athletes to undergo neuromuscular training targeted at improving these neuromuscular deficits, increasing athletic performance, and potentially decreasing injury risk. Secondly, the divergence in ACL injury rates between male and female athletes begins around age 12, when the majority of females have begun puberty. 19 If specific neuromuscular control deficits can be identified during a preseason screening examination and selected individuals are placed in neuromuscular training programs targeted to the athletes' specific deficit, then ACL injury risk may decrease. Comparison of measures of neuromuscular control (force attenuation) with performance (take-off force) may also prove valuable.
Neuromuscular control deficits can be defined as muscle strength, power, or activation patterns that lead to increased joint loads. 20 Female athletes demonstrate neuromuscular control deficits that increase lower extremity joint loads during sports activities. 3 One neuromuscular deficit, which can be termed ''ligament dominance,'' is defined as an imbalance between the neuromuscular and ligamentous control of dynamic knee joint stability. 20 This imbalance in control of dynamic knee joint stability is demonstrated by an inability to control lower extremity coronal plane motion during landing and cutting. A second neuromuscular control deficit frequently observed in female athletes, which can be termed ''quadriceps dominance,'' is defined as an imbalance between knee extensor and flexor strength, recruitment, and coordination. 20 A third neuromuscular control deficit, frequently observed in female athletes is ''leg dominance,'' which is defined as an imbalance between the 2 lower extremities in strength and coordination. 20 Neuromuscular training decreases injury risk in female athletes.
3, 14 Chandy and Grana 2 found that significantly more female than male high school athletes had knee injuries which required surgery and suggested, ''emphasis be placed on functional evaluation y to prevent these injuries.'' Beck and Wildermuth 21 have stated that noncontact ACL injuries are ''due to coordination failure'' and involve ''a combination of high velocity and momentary loss of normal protective muscle support.'' Neuromuscular training increases active knee stabilization in the laboratory and decreases the incidence of serious knee injury, including ACL injury, on the court or field in athletic females. 3, 9 Training and strength differences may account for only part of the increased incidence of knee injury in female athletes. However, lowering these high figures by just percentages could have a significant effect on the number of knee injuries in athletes.
The purpose of this study was to assess dynamic kinetic measures in a large athletic population during a PPE. The specific goals were 3-fold: first was to identify if measures of neuromuscular performance increase in male and not female athletes once pubertal development has begun; second, to identify if impact forces would differ between sexes; and third, to determine if males and females would differ in their relative force generation and attenuation strategies. We hypothesized that there would be no differences throughout pubertal Tanner Stages in neuromuscular performance in females whereas males would show greater performance at each stage of development. The second hypothesis was that females would have greater landing force than males. The third hypothesis was that males would demonstrate increases in take-off force/landing force ratios, whereas females would not change across pubertal stages.
METHODS
A total of 275 middle school and high school athletes volunteered to participate in this study (87 females, 188 males). The subjects were recruited from a PPE conducted by orthopedic, pediatric, family medicine and internal medicine physicians from the university sports medicine center. A preexamination lecture was given by James Slauterbeck to all the physician examiners to define what variables to record and to present a common method to perform the screening examinations. A preexamination talk by the head athletic trainer was given to the athletic trainers and physical therapists to standardize the data collection. During the examinations, pubertal development (Tanner Stage) was assessed by gonadal volume for males and breast development for females. Only those athletes who were classified as pubertal through postpubertal (Tanner Stages 2 to 5) were included in this study.
A standardized multidisciplinary PPE was performed on all athletes. 22, 23 Two attending orthopedic surgeons, 10 orthopedic residents, 15 family medicine residents and 10 pediatric residents performed the medical examination. Five athletic trainers and 2 researchers also helped administer the PPE. Athletes were examined by a primary care resident and by an orthopedic surgical resident. During the male hernia examination male residents recorded testicular presence, absence, and testicular size (Tanner Stage) using sized beads. 24 During the female examination, female residents identified Tanner Stage of breast development. 24 An injury history was taken from each athlete. Any significant prior injuries were recorded and the test administrator verified that any prior injury was completely resolved. All athletes' histories and physicals were evaluated by a board certified orthopedic surgeon, pediatrician, or family medicine physician. Attending faculty again ascertained cardiac risk factors. Any possible positive findings for cardiac abnormalities were evaluated by the attending physicians. The estimated average time for an athlete to receive a complete preparticipation physical examination, including height, weight, Tanner Staging and box drop vertical jump testing was less than 15 minutes per athlete in this multispecialty environment.
Each subject was shown a drop vertical jump maneuver (Fig. 1 ) from a box height of 31 cm. 25 Subjects were instructed to drop off the box and immediately perform a maximal vertical jump for 3 repetitions. They were told to ''drop off the box and immediately jump as high as you possibly can.'' A portable force platform (AMTI, Accupower, Watertown, Massachusetts) was used to collect the landing force from the box and the landing force after the maximum vertical jump. The force platform used in this study was previously compared with a laboratory mounted force platform and had high validity and reliability during drop vertical jump. 26 Maximum vertical ground reaction force was identified after the drop off of the box during the landing phase and during the take-off phase. Maximum vertical jump height (V) was also calculated from each trial on the basis of the flight time. The trial with the highest vertical jump was used for further analysis for each subject. The ratio of the maximum vertical ground reaction force from landing/ take-off was calculated.
Statistical Design
A 2 Â 4 analysis of variance (GenderXTanner Stage) was used to determine the main effects and interaction of sex and stage of pubertal development on each dependent variable (P<0.05). Multiple post-hoc tests were performed to determine significant differences between pubertal stages within sexes and between sexes within pubertal stages. Statistical analyses were conducted in SPSS (SPSS for Windows, Release 12.0).
RESULTS
PPE tested males increased vertical jump height at each Tanner Stage of development (Fig. 2 , GenderXTanner Stage interaction, P = 0.002). The males increased their vertical jump height by 16.3%, 13.4%, and 7.9% between each stage of pubertal development for an average increase of 12.5%. In contrast, there was no difference in vertical jump height throughout the developmental stages in female athletes (Fig. 2) . The females from stages 2 to 3 increased 2.2% and then decreased 0.2% and 1.7% from stages 3 to 4 and 4 to 5, respectively. The average increase from each stage was only 0.1% in female athletes.
Contrary to our hypothesis, there were no significant sex or Tanner Stage interactions for maximum landing force (normalized by body weight) or take-off force (Fig. 3) . However, both sexes demonstrated fluctuations in landing force between each stage of pubertal development. The males from stages 2 to 3 decreased 18.8% and then increased 9.3% and then decreased 6.0% from stages 3 to 4 and 4 to 5, respectively. The females from stages 2 to 3 decreased 5.3% and then increased 8.4% and then decreased 16.8% from stages 3 to 4 and 4 to 5, respectively. The average difference from each stage was similar between sexes. However, these force differences throughout developmental stages in both sexes were not significant (Fig. 3) . Figure 4 demonstrates that there was a significant sex* Tanner Stage interaction for maximum landing force relative to take-off force ratio, in support of the third hypothesis. The ratio of landing force to take-off force was decreased in males throughout pubertal stages whereas females showed no change (P = 0.047, Fig. 4) . The males from stages 2 to 3 decreased 17.1%, and 3.4% and 3.6% from stages 3 to 4 and 4 to 5, respectively. The females increased 4.1% from stages 2 to 3 and then decreased 7.3% and then did not change from stages 3 to 4 and 4 to 5, respectively.
DISCUSSION
Identification of athletes at risk for injury during a PPE and intervening by implementing a neuromuscular training program that may decrease the injury risk will improve the safety and satisfaction in sports. Specifically, neuromuscular training programs that decrease high landing forces associated with increased risk of injury and improve athletic performance are very beneficial to the athlete. 11 Detection of high injury risk athletes could help to prophylactically treat a portion of more than 30,000 ACL injuries that occur in female athletes each year in the United States. A combination of screening and training might help to identify and prevent the estimated 40,000 (4 of 5) knee injuries a year in female high school FIGURE 2. Maximum vertical jump height (mean ± SD) for male and female subjects stratified into each Tanner Stage of pubertal development (2 to 5) (*P < 0.05). and collegiate athletes (assuming a 1 to 1 relationship to males is attainable). In addition, with the ever increasing popularity of sports like soccer, volleyball, and basketball coupled with the rapidly growing number of participants each year, even higher numbers of injuries might be avoided in the future.
This study compared changes in vertical jump performance and landing and take-off forces in female and male athletes at different stages of maturation. The hypotheses that pubertal females did not experience the same increase in power as males and that females had greater landing force relative to take-off force than males were confirmed. However, the hypothesis that there were no sex differences in normalized ground reaction force was rejected. Overall, these findings demonstrate that males develop the combined ability to better generate power and attenuate force during maturation. Females do not demonstrate this increased ability across progressive stages of development.
A prospective study identified biomechanical risk factors that were different among female athletes that went on to sustain an ACL injury compared with those that did not during a sports season. 11 In the untrained athletes the vertical ground reaction force was 20% higher in the subsequent ACL injured females. 11 Other factors are associated with ACL injury (generalized ligament laxity, narrow intercondylar notch, and increased knee laxity) 27 but are not as amenable to therapeutic intervention.
Increased force and torque at the knee may predispose the pubertal and postpubertal athletes to increased risk of ACL injury. Kinetic analysis may be used as screening tools to predict potential injury risk. 14 The standard force plate analysis used in this study demonstrates the absence of a neuromuscular spurt in postpubescent female athletes and its presence in male athletes during athletic maneuvers. Postpubescent females display similar peak power (vertical jump height) compared with prepubescent females when performing a jump after landing from a fixed (31 cm or 1 ft) height. Neuromuscular training can decrease the impact ground reaction forces and torques at the knee during landing in postpubescent females to safer magnitudes. 3, 28 Hewett et al 3 demonstrated significant decreases in landing forces and valgus torques at the knee in a similar group of female high school athletes after neuromuscular training. High landing forces and resultant knee torques may be related to ACL injury. 11, 29 Hewett et al 9 also prospectively demonstrated that the same neuromuscular training program decreased injury risk in female athletes.
Females suffer higher ACL injury rates than males. However, few have reported the interdependence of several prospectively measured factors as co-contributors to ACL injury risk. 14, 27 The literature of the last 15 years is repleted with reports of complex methodologies to measure different parameters during laboratory testing; however, little has been done to make these methods and the information they provide available to the athletic community. A more accessible, dynamic approach to this very significant problem should be undertaken.
A primary goal of researchers and clinicians alike must be to screen athletes before sports participation to target those athletes who are at risk for injury. If identifiable and modifiable risk factors are recognized and intervention is successful at decreasing injury risk the athletes will be able to play in a safer environment. In addition, the development and validation of training programs designed to prevent injury while simultaneously enhancing performance should be a natural extension of the development of rehabilitation protocols for the variety of orthopedic injuries in which sound surgical and rehabilitative principles have been demonstrated. 28 Force plate analysis can be used as a screening tool for high landing forces out in local high schools or in clinician's offices. Portable force plates, used by appropriately, but minimally, trained personnel (eg, athletic trainers, therapists, strength coaches, physicians), are becoming realistically available for mass PPE screening. Portable force plates are increasingly affordable and accessible. They are used regularly in franchised, facilities (Frappier Acceleration), in their standard pretraining screenings and mass field screenings. Current portable force plates have much greater portability, as they now weigh less than 15 kg and can be easily transported to schools or clubs for large scale testing, just as was done in the present study. In addition, these force plates are also much easier to use. The technology incorporated into these new portable force plates streamline data acquisition and processing which make the analysis and interpretation of results much more straightforward. In addition the current portable force plate systems can be controlled by a standard laptop computer system attached via USB ports and does not require separate analog to digital boards. Thus, increased affordability and ease of use make the portable force plate technology viable option for future large scale nonresearch screenings. Portable force analysis with simplified evaluation measurements may be used in future studies to identify athletes who are at potentially high risk of injury. Training programs can be used to decrease landing forces and coronal plane knee motion in high-risk postpubescent female athletes. Factors which should be further investigated are side-to-side differences in force attenuation and medial versus lateral control of dynamic stability at the knee and dominant versus nondominant side hamstrings strength imbalances (as well as imbalances between hamstrings and quadriceps strength), as they may serve as indicators of a predisposition to injury in high-risk athletes. Knee abduction torques correlate to ground reaction force. 11 These findings indicate that peak ground reaction forces may be a useful indicator of both potential injury risk and effectiveness of interventional training. If neuromuscular training can decrease ACL injury incidence, 9 this data indicates that impaired dynamic neuromuscular control at the knee joint is a likely cause of increased injury rates in female athletes.
There are limitations to the current study. The data acquired from a force platform does not give kinematic data comparable to that measured in a 3-dimensional motion analysis laboratory. In future studies we plan to synchronize digital video input with the force platform out in the field to better approximate what can be measured in the laboratory. In addition, this is a cross sectional study, which has limited ability to draw conclusions regarding developmental changes. Future studies should focus on prospective longitudinal data. Finally, these studied cohorts should be followed prospectively for injury incidence to draw conclusions regarding the predictive value of this PPE field tests for predicting injury risk.
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SUMMARY AND CONCLUSIONS
In conclusion, female athletes fail to demonstrate the neuromuscular spurt seen in males during maturation. Absence of a neuromuscular spurt may be related to the peak incidence of ACL injuries in females that occurs close to the time of maturation. Sex differences in power, force absorption, and regeneration can be modified through neuromuscular training. Future directions include the determination of the specific pubertal stage when female athletes become more susceptible. Prospective identification of female athletes who are more susceptible to injury is also an important adjunct approach which will be necessary to optimize the timing and effectiveness of ACL prevention strategies. Retraining or ''pretraining'' of the musculature which stabilizes the knee joint before sports participation decreases the relative injury incidence in females. Even if training and strength differences account for only part of the increased incidence of knee injury in female athletes, lowering these high figures by only percentages could have a significant effect on the number of knee injuries currently observed in female athletes.
